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Abstract 

The type II transmembrane serine proteases TMPRSS2 and HAT activate influenza viruses and the SARS-coronavirus 
(TMPRSS2) in cell culture and may play an important role in viral spread and pathogenesis in the infected host. However, it is 
at present largely unclear to what extent these proteases are expressed in viral target cells in human tissues. Here, we show 
that both HAT and TMPRSS2 are coexpressed with 2,6-linked sialic acids, the major receptor determinant of human 
influenza viruses, throughout the human respiratory tract. Similarly, coexpression of ACE2, the SARS-coronavirus receptor, 
and TMPRSS2 was frequently found in the upper and lower aerodigestive tract, with the exception of the vocal folds, 
epiglottis and trachea. Finally, activation of influenza virus was conserved between human, avian and porcine TMPRSS2, 
suggesting that this protease might activate influenza virus in reservoir-, intermediate- and human hosts. In sum, our results 
show that TMPRSS2 and HAT are expressed by important influenza and SARS-coronavirus target cells and could thus 
support viral spread in the human host. 
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Introduction 

Influenza viruses and the SARS-coronavirus (SARS-CoV) are 
highly transmissible respiratory viruses which pose a serious threat 
to human health. The yearly recurring influenza epidemics are 
associated with significant morbidity and mortality, particularly 
among the elderly, and the global spread of pandemic influenza 
viruses can cause millions of deaths [1]. The severe acute 
respiratory syndrome coronavirus (SARS-CoV), which causes a 
novel lung disease, SARS, emerged in 2002 and spread to 26 
countries in 2003, with 774 fatal infections [2]. Both SARS-CoV 
and influenza viruses circulate in animal reservoirs, water fowl 
(influenza) and bats (SARS-CoV) [3,4]. Therefore, the identifica¬ 
tion of cellular factors essential for viral spread in animal and 
human cells should allow novel approaches to prevention and 
therapy. 

The SARS-CoV spike protein (SARS-S) and the influenza virus 
hemagglutinin (HA) are inserted into the viral membranes and 
mediate host cell entry. For this, SARS-S and influenza HA bind 
to host cell receptors, ACE2 (SARS-CoV) [5] and 2,6-linked sialic 
acid on membrane proteins or lipids (human influenza viruses) [6], 


and mediate the fusion of the viral membrane with a host cell 
membrane. As a consequence, viral components are released into 
the host cell and can subvert the synthetic capabilities of the host 
cell for production and release of progeny particles. 

The influenza HA and the SARS-S-protein are both synthe¬ 
sized as inactive precursors which transit into their active forms 
upon cleavage by host cell proteases. Cleavage of SARS-S and 
influenza HA is essential for viral infectivity and the responsible 
proteases are targets for antiviral intervention [7,8], but their 
nature is incompletely defined. Recent evidence indicates that die 
type II transmembrane serine proteases (TTSPs) TMPRSS2, 
TMPRSS4 and HAT can activate human influenza viruses for 
spread in protease transfected cells [4,9,10]. In addition, 
endogenous TMPRSS2 was shown to promote influenza virus 
spread in the cell lines Caco-2 and Calu-3 [11,12]. The SARS- 
CoV was found to be activated by cathepsin L upon viral uptake 
into host cell endosomes [8]. However, several recent reports 
demonstrated that expression of TMPRSS2 in target cells 
rendered cathepsin activity dispensable for infectious entry of 
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SARS-CoV [13—15], suggesting that both SARS-CoV and 
influenza viruses can exploit TTSPs to promote their spread. 

Despite the intriguing findings made in cell culture, the role of 
TMPRSS2 and HAT in influenza virus and SARS-CoV spread 
and pathogenesis remains to be defined. For diis, it is essential to 
determine the extent of TMPRSS2 and HAT expression in viral 
target cells in human tissues. Here, we show that TMPRSS2 and 
HAT are coexpressed with ACE2 and 2,6-linked sialic acids, the 
key receptor determinants of SARS-CoV and influenza virus, 
respectively, in major portions of the human respiratory tract, 
indicating that these proteases could support SARS-CoV and 
influenza virus spread in humans. In addition, we demonstrate 
that HA activation is conserved between human TMPRSS2 and 
TMPRSS2 of animal species critically involved in zoonotic 
transmission of influenza virus, underlining a potentially important 
role of this protease in the influenza virus zoonosis. 

Materials and Methods 

Cell culture 

293T cells were obtained from the American Type Culture 
Collection (ATCC) and were propagated in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), penicillin and streptomycin, and grown in a 
humidified atmosphere of 5% CO z . 

Cell-cell fusion assay 

For analysis of cell-cell fusion, 293T effector cells seeded in 6- 
well plates were CaP0 4 -transfeeted with either empty pcDNA 
plasmids or plasmids encoding SARS- S in combination with 
plasmid pGAL4-VP16 encoding the Herpes Simplex transactiva¬ 
tor VP16 fused to GAL4, as described [13]. In parallel, 293T 
target cells were seeded in 48-well plates and transfected with 
plasmids encoding the indicated proteases or empty plasmid 
together with plasmid pGal5-luc, which encodes a promoter with 
five Gal4 binding sites in front of a luciferase gene. Transfected 
effector and target cells were mixed, incubated with trypsin or PBS 
and fusion was quantified by determination of luciferase activities 
in cell lysates 48 h after cocultivation using a commercially 
available kit (Promega, Madison, USA). 

Production of lentiviral pseudotypes and infection 
experiments 

For generation of lentiviral pseudoparticles, CaP0 4 transfec¬ 
tions were performed as described [13]. Briefly, 293T cells were 
transiently cotransfected with pNL4-3 E-R- Luc [16] and 
expression plasmids coding for influenza virus HA and neuramin¬ 
idase (NA) or vesicular stomatitis virus glycoprotein (VSV-G) [10], 
For analysis of HA activation by TTSPs, expression plasmids for 
the indicated proteases [11,13] or empty vector were cotransfected 
into cells producing pseudoparticles. The culture medium was 
replaced at 16 h and harvested at 48 h post transfection. The 
supernatants were passed through 0.45 pm filters and stored at 
— 80°C. For infection, pseudoparticles were treated with either 
PBS or trypsin followed by incubation with 293T target cells for 
three days before cells were lysed and luciferase-activities 
determined using a commercially available kit (Promega, Madison, 
USA). 

Analysis of SARS-S and 1918 HA cleavage 

For the detection of HA and SARS-S-cleavage in cis, 293T cells 
were cotransfected with plasmids encoding SARS-S [17] or 1918 
HA and plasmids encoding the indicated proteases or empty 
vector (pcDNA). For analysis of SARS-S cleavage in trails, 


plasmids encoding SARS-S [17] and proteases were transfected 
separately into 293T cells followed by mixing of the transfected 
cells. Subsequently, the cells were treated with PBS or trypsin, 
lysed, separated via 12,5% SDS-PAGE and transferred onto 
nitrocellulose membranes. SARS-S was detected by staining with 
rabbit serum raised against the SI subunit of SARS-S subunit 

[18] . For detection of HA, a mouse monoclonal antibody was used 

[19] . As a loading control, the stripped membranes were 
incubated with an anti-B-actin antibody (Sigma, Deisenhofen, 
Germany). Bound antibodies were detected with HRP-coupled 
secondary antibodies (Dianova, Hamburg, Germany). 

Immunostaining of tissue sections 

Formalin fixed paraffin embedded tissue samples of a wide 
range of tissues from the respiratory and gastrointestinal tracts, as 
well as the myocardium, were obtained from the Oxford Radcliffe 
Biobank, with full ethical approval from the National Research 
and Ethics Service (Oxfordshire Research and Ethics Committee 
A: reference 04/Qj 604/21). While all patients gave generic 
consent for the use of their tissue in research at the time of signing 
a consent form for surgery, informed consent from each patient for 
the use of tissue in this study was not required by the National 
Research and Ethics Service, because all tissue was anonymised. 
Tissue sections were immunostained for TMPRSS2, HAT and 
ACE2 or with the elderberry lectin, Sambucus nigra, that detects 2,6- 
linked sialic acids. Antigen retrieval was performed by pressure 
cooking in different antigen retrieval solutions. Slides were 
mounted in Aquatex mounting medium (Merck, UK). ACE2 
immunostaining (affinity purified goat polyclonal serum, R&D 
Systems, Abingdon, UK) was performed and detected using a 
mouse anti-goat Ig (GTI-75) [20] and the Novolink™ max 
polymer detection system (Leica Microsystems, Newcastle, UK), as 
per the manufacturer’s instructions after antigen retrieval in citrate 
pH 6.0. TMPRSS2 (mouse monoclonal antibody P5H9 A3 
ascites, a generous gift from Dr J.M. Lucas, Division of Human 
Biology, Fred Hutchinson Cancer Research Center, Seattle, WA 
98109, USA, [21]) immunostaining was detected using the 
NovolinkTM max polymer detection system after antigen retrieval 
in Tris EDTA pH9.0. HAT immunostaining (mouse monoclonal 
antibody 337029, R&D Systems, Abingdon, UK) was performed 
using the Novolink™ max polymer detection system after antigen 
retrieval in Dako Target retrieval solution pH 6.0 (Dako, Cam¬ 
bridge, UK). Biotinylated elderberry lectin (Sambucus nigra) 
(Vector labs, Peterborough, UK) binding was detected using 
Streptavidin-HRP (Ar-Med Limited, Egham, UK) and detected 
using Dako DAB chromogen substrate (Dako, Cambridge, UK) 
after antigen retrieval in Tris-EDTA pH 9.0. Lung tissue was used 
as a positive control for TMPRSS2, ACE2 and elderberry lectin 
staining [11,13], while bronchus was used as a positive control for 
HAT immunostaining [22]. As a negative control for ACE2 
immunostaining and elderberry lectin staining, normal goat 
polyclonal serum was substituted for the primary antibody/lectin 
staining step. As a negative control for TMPRSS2 and HAT 
immunostaining, an irrelevant mouse monoclonal (anti-ALKl 
antibody, clone ALK1 [23]) was substituted for the primary 
antibody. Stained sections were photographed with a Nikon DS- 
FI1 camera with a Nikon DS-L2 control unit (Nikon UK Limited, 
Kingston-upon-Thames, UK) and an Olympus BX40 microscope 
(Olympus UK Limited, Watford, UK). 

Results 

Influenza viruses circulate in birds and poultry, with water fowl 
constituting the natural reservoir, and coinfection of swine with 
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different influenza viruses is believed to play an important role in 
the emergence of pandemic viruses [1,3]. TMPRSS2, TMPRSS4 
and HAT were shown to activate influenza virus in transfected 
cells [4,9,10], but only for TMPRSS2 further evidence for a 
potential contribution to viral spread in humans was reported 
[11,12]. In order to assess the role of TMPRSS2 in the influenza 
virus zoonosis, we tested whether this protease derived from 
chicken and swine is able to cleave HA. In parallel, we examined if 
TMPRSS2 of mouse origin facilitates HA proteolysis, since mice 
are commonly used as a model system for influenza virus spread 
and pathogenesis. Finally, cleavage and activation of HA by 
human and mouse HAT and TMPRSS4 were also evaluated. 

Western blot analysis of transfected cells revealed that 
TMPRSS2, TMPRSS4 and HAT of all animal species tested 
cleaved the HA precursor HAO and produced HA1 cleavage 
fragments identical to those observed for the human enzymes 
(Fig. 1A). The slightly faster migration of HA1 fragments 
generated by TMPRSS2 compared to the other proteases is due 
to differential HA glycosylation [11]. Cleavage resulted in HA 
activation, since lentiviral vectors produced in the protease 
expressing cells were fully infectious in the absence of trypsin 
treatment (Fig. IB). In contrast, no HA cleavage and activation 
was obseived in cells transfected with empty vector or cells 
expressing human TMPRSS3 (Fig. 1A,B), which was previously 
demonstrated not to process HA [11]. Similarly, swine, chicken 
and mouse TMPRSS2 cleaved SARS-S into multiple fragments, 
as previously documented for human TMPRSS2 [13], although 
some variation in cleavage efficiency was noted (Fig. 1C). In 
contrast, trypsin digestion produced the SI subunit, as expected 
[24,25]. Of note, SARS-S was cleaved by TMPRSS2 upon 
coexpression of both proteins (cis cleavage, Figure 1C) and upon 
mixing of SARS-S expressing cells with protease expressing cells 
(trans cleavage, Fig. SI), although some variability in cleavage 
efficiency was noted in the latter setting. In agreement with SARS- 
S trans cleavage, expression of TMPRSS2 in target cells 
(TMPRSS2 panels) endogenously expressing very low amounts 
of viral receptor, ACE2 [5], allowed efficient SARS-S-driven cell¬ 
cell fusion and fusion efficiency was not increased by the addition 
of trypsin. In contrast, SARS-S-driven fusion with control 
transfected cells (pcDNA panel) was inefficient and fusion 
efficiency was rescued by trypsin treatment (Fig. ID). Finally, 
transfection of ACE2 plasmid into target cells (ACE2 panel) also 
boosted cell-cell fusion and fusion efficiency was only modestly 
increased by trypsin, in agreement with our previous finding that 
receptor and protease expression on target cells can both limit 
SARS-S-mediated cell-cell fusion [26]. In sum, these results 
demonstrate that cleavage-activation of influenza HA and SARS-S 
is conseived between human, porcine, avian and murine 
TMPRSS2 as well as human and murine HAT. Our observations 
also suggest that TMPRSS2 can support influenza virus spread in 
species integral to the influenza zoonosis, and that mice are 
suitable models to study the role of TMPRSS2, TMPRSS4 and 
HAT in viral spread and pathogenesis. 

Binding of human influenza viruses to 2,6-linked sialic acids 
present on proteins and lipids on the host cell surface is critical for 
infectious viral entry into host cells [6]. We assessed whether 
TMPRSS2 and HAT are coexpressed with 2,6-linked sialic acid 
human tissues. Immunostaining demonstrated the presence of 2,6- 
linked sialic acids on the surface of almost all cell types (Fig. 2, 3, 
4), in keeping with previous results [27-30], with the notable 
exception of vascular smooth muscle cells (data not shown), 
suggesting that expression of proteases, such as TMPRSS2 and 
HAT, but not 2,6-linked sialic acid is likely to be a major 
determinant of viral tropism. TMPRSS2 was expressed by 


epithelial cells at all sites examined in the aerodigestive tracts, as 
well as by many endothelial cells and myocytes of blood vessels, 
leucocytes (including alveolar macrophages) and smooth muscle 
cells (Fig. 2, 3, 4, table 1), indicating that TMPRSS2 could activate 
influenza virus in most permissive epithelia. HAT showed a 
distribution similar to TMPRSS2 (Fig. 2, 3, 4, table 1), but 
immunostaining of pneumocytes (alveolar epithelial cells) was 
weaker, implying low levels of protease expression at this site 
(Fig. 2A, C). Unlike TMPRSS2, which appeared to be expressed 
by the majority of type 2 pneumocytes, HAT was expressed by 
fewer than 50% type 2 pneumocytes, but was additionally seen to 
be expressed by occasional type 1 pneumocytes (Fig. 2A, C). Type 
2 pneumocytes are defined by their morphology rather than a 
particular immunophenotype, being plump rather than flattened 
epithelial cells [31]. All sections were examined by an experienced 
consultant pathologist (ES) in order to identify the cell types that 
were immunopositive. The exact intensities of staining for 
TMPRSS2 and HAT of various epithelial types in the aero¬ 
digestive tracts are summarized in table 1. While TMPRSS2 
expression by bronchial and intestinal smooth muscle cells was 
noted, these cells appeared negative for HAT, although some 
vascular smooth muscle cells were found to be positive (table 1). 
Interestingly, TMPRSS2 but not HAT was expressed by cardiac 
myocytes (Fig. 4), suggesting that influenza myocarditis might be 
promoted by TMPRSS2 but not HAT. Notwithstanding, our data 
demonstrate the potential importance of both proteases in 
influenza infection. 

TMPRSS2 on target cells activates SARS-S on adjacent cells for 
cell-cell fusion and activates virion-associated SARS-S for 
infectious host cell entry [13-15]. A wide range of sites 
demonstrated coexpression of ACE2 and TMPRSS2, and could 
thus support SARS-GoV spread (table 1). Specifically, in the lung 
type 2, but not type 1 pneumocytes express both molecules, as do 
alveolar macrophages and the epithelial cells of intrapulmonary 
bronchi (Fig. 2A, B). In the upper respiratory tract, the epithelium 
of the bronchi, larynx, nasal mucosa and respiratory sinuses (Fig. 2 
E, F) expresses both molecules, while ACE2 expression is absent 
front the trachea, vocal folds and epiglottis, although a previous 
study by Ren et al demonstrated ACE2 expression on the surface 
epithelium and mucus gland epithelium of trachea, similar to our 
findings in the larynx and bronchus [32]. This suggests that ACE2 
expression may be variable but widespread in the upper airway. 
The epithelia of the tonsil (Fig. 3A, B) and buccal mucosa (Fig. 2E, 
F) express both TMPRSS2 and ACE2. Additionally, ACE2 
expression by some interstitial macrophages/dendritic cells in 
intra-alveolar septa of the lung, adjacent to TMPRSS2-expressing 
type 2 pneumocytes. In the gastrointestinal tract, epithelial co¬ 
expression of TMPRSS2 and ACE2 was identified at all sites 
examined, namely the oesophagus, stomach, ileum and colon. The 
two molecules were also expressed in cardiac myocytes. Further¬ 
more, variable expression of both molecules by endothelial cells 
and myoctes of blood vessels, leucocytes and smooth muscle cells 
was seen (Fig. 2, 3, 4, table 1). Taken together, these results suggest 
that TMPRSS2 could promote SARS-CoV spread in important 
target sites, the gastrointestinal and respiratory tracts (table 1). 

Discussion 

Influenza virus and SARS-CoV hijack host cell proteases to 
acquire infectivity and for influenza it has been shown that broad 
spectrum protease inhibitors have therapeutic potential [33-35]. 
However, the proteases responsible for viral activation in the 
infected host are unclear, although several candidates have been 
suggested [7,36]. Recent studies demonstrate that TMPRSS2 and 
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Figure 1. Proteolytic activation of influenza virus hemagglutinin and SARS spike protein is conserved between TMPRSS2 of human, 
porcine, avian and murine origin. (A) Expression plasmids encoding the HA of the 1918 influenza virus and the indicated proteases or empty 
vector (pcDNA) were transiently cotransfected into 293T cells. The cells were then treated with PBS or trypsin, and HA cleavage was detected by 
Western blot analysis of cell lysates using a monoclonal antibody specific for HA. Detection of B-actin served as loading control. (B) Lentiviral reporter 
viruses bearing 1918 HA and NA or the VSV-G glycoproteins were generated in 293T cells coexpressing the indicated proteases or empty vector 
(pcDNA), treated with PBS (black bars) or trypsin (white bars), and used for infection of 293T target cells. Viruses harboring no glycoprotein were 
generated in parallel as control. Luciferase activities in the cell lysates were determined at 72 h post infection. The results of a representative 
experiment performed in triplicates are shown. Error bars indicate standard deviation (SD). Comparable results were obtained in a separate 
experiment. (C) To detect SARS-S cleavage in cis, expression plasmids coding for SARS-S and the indicated proteases or empty vector (pcDNA) were 
transiently cotransfected into 293T cells, which were then treated with trypsin or PBS. Subsequently, S-protein cleavage was detected by Western blot 
analysis of cell lysates using a serum specific for the SI subunit of SARS-S. SARS-S cleavage fragments produced by trypsin and TMPRSS2 are indicated 
by asterisks. Detection of B-actin served as a loading control. (D) Effector 293T cells were cotransfected with a SARS-S expression plasmid and a 
plasmid encoding GAL4-VP16 and mixed with target cells cotransfected with a plasmid encoding a GAL4-VP16 responsive luciferase expression 
cassette and an ACE2 expression plasmid or protease expression plasmid or empty plasmid. The effector and target cells were mixed, treated with 
PBS (black bars) or trypsin (white bars) and the luciferase activities in cell lysates quantified at 48 h after cell mixing. The results of a representative 
experiment performed in triplicates are shown. Error bars indicate standard deviation (SD). Similar results were observed in two independent 
experiments. 

doi:10.1371 /journal.pone.0035876.g001 


HAT activate influenza virus [4,9,10] and SARS-coronavirus [13— 
15,37] in cell culture. We show that both proteases are expressed 
on receptor-positive cells throughout most of the human 
respiratory tract and might thus support influenza virus and 
SARS-CoV spread in and between individuals. In addition, 


influenza virus activation was conserved between TMPRSS2 
orthologues of human, porcine and avian origin, suggesting that 
zoonotically transmitted influenza viruses may engage TMPRSS2 
to facilitate their activation. 
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Figure 2. Pulmonary and respiratory sinus expression of SARS- 
CoV and influenza virus activating proteases and receptors. 

Lung (A-D) and sinus (E-H) tissue immunostained for TMPRSS2 (A&E), 
ACE2 (B&F) and HAT (C&G), or stained for 2,6-linked sialic acid (D&H; 
detected with elderberry (Sambucus nigra ) lectin). All positive reactions 
are detected with the peroxidase technique (brown) and the tissue is 
counterstained with haematoxylin (blue). (A) There is strong positive 
anti-TMPRSS2 immunostaining of bronchial epithelium (lining the 
bronchus, marked Br), type 2 pneumocytes (P2) and alveolar 
macrophages (Mp). (B) There is moderately strong positive anti-ACE2 
immunostaining of bronchial epithelium (lining the bronchus, marked 
Br), type 2 pneumocytes (P2) and alveolar macrophages (Mp). (C) There 
is moderately positive anti-HAT immunostaining of bronchial epitheli¬ 
um (lining the bronchus, marked Br) and alveolar macrophages (Mp), 
with weakly positive immunostaining of some type 1 (PI) and type 2 
pneumocytes (P2). (D) All structures are strongly stained for 2,6-sialic 
acid except for smooth muscle (SM). (E) There is strong positive anti- 
TMPRSS2 immunostaining of sinus epithelium (Ep) and lymphoid cells 
(Ly). (F) There is strong positive anti-ACE2 immunostaining of sinus 
epithelium (Ep) and lymphoid cells (Ly). (G) There is moderately strong 
anti-HAT immunostaining of sinus epithelium (Ep) and occasional 
weakly positive immunostaining of lymphoid cells (Ly). (H) All structures 
are strongly stained for 2,6-sialic acid. Scale bar = 50 microns (shown in 
panels D and H and also pertaining to 3 preceding panels in each case). 
doi:10.1371/journal.pone.0035876.g002 

Influenza viruses usually replicate in the tracheao-bronchial 
epithelium [38-40]. Spread in these tissues might be supported by 
both TMPRSS2 and HAT, which we found to be expressed by 
cells positive for 2,6-linked sialic acid in the nasal and buccal 
mucosa as well as in the epithelium of trachea, bronchus and 
larynx. If infection is associated with pneumonia, a complication 



Figure 3. Tonsil and buccal mucosal expression of SARS-CoV 
and influenza virus activating proteases and receptors. Tonsil 
(A-D) and buccal mucosa (E-H) immunostained for TMPRSS2 (A&E), 
ACE2 (B&F) and HAT (C&G), or stained for 2,6-linked sialic acid (D&H; 
detected with elderberry (Sambucus nigra) lectin). All positive reactions 
are detected with the peroxidase technique (brown) and the tissue is 
counterstained with haematoxylin (blue). (A) There is strong positive 
anti-TMPRSS2 immunostaining of tonsillar epithelium (Ep) and lympho¬ 
cytes (Ly). (B) There is weakly positive anti-ACE2 immunostaining of 
tonsillar epithelium (Ep), but little obvious positive immunostaining of 
lymphocytes (Ly). (C) There is strongly positive anti-HAT immunostain¬ 
ing of the basal and superficial, but not the middle, layers of tonsillar 
epithelium (Ep), but little obvious positive immunostaining of 
lymphocytes (Ly). (D) All structures are strongly stained for 2,6-sialic 
acid except for a few areas of cells within the tonsillar epithelium (Ep). 
(E) There is strong positive anti-TMPRSS2 immunostaining of buccal 
epithelium (Ep) and of a blood vessel (BV) in the underlying connective 
tissue (CT). (F) There is strong positive anti-ACE2 immunostaining of 
buccal epithelium (Ep) and weaker positive immunostaining of a blood 
vessel (BV) in the underlying connective tissue (CT). (G) There is strong 
positive anti-HAT immunostaining of buccal epithelium (Ep), but a 
blood vessel (BV) in the underlying connective tissue (CT) appears 
negative. (H) All structures are strongly stained for 2,6-sialic acid. Scale 
bar = 50 microns (shown in panels D and H and also pertaining to 3 
preceding panels in each case). 
doi:10.1371/journal.pone.0035876.g003 

more frequently observed with pandemic compared to seasonal 
influenza viruses, viral spread to the alveolar epithelium is 
observed [38], Type I pneumocytes have been suggested to be 
major targets of influenza virus in the alveoli [40] and were found 
to be positive for 2,6-linked sialic acid in this study. The protease 
responsible for HA activation in these cells remains to be defined, 
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Figure 4. Ileal & myocardial expression of SARS-CoV and 
influenza virus activating proteases and receptors. Ileum (A-D) 
and myocardium (E-H) immunostained for TMPRSS2 (A&E), ACE2 (B&F) 
and EIAT (C&G), or stained for 2,6-linked sialic acid (D&H; detected with 
elderberry (Sambucus nigra ) lectin). All positive reactions are detected 
with the peroxidase technique (brown) and the tissue is counterstained 
with haematoxylin (blue). (A) There is strong positive anti-TMPRSS2 
immunostaining of ileal epithelium (Ep) and also of lymphocytes (Ly) 
within the core of the villus. (B) There is strong positive anti-ACE2 
immunostaining of ileal epithelium (Ep) and also of lymphocytes (Ly) 
within the core of the villus. (C) There is strongly positive anti-EIAT 
immunostaining of the basal part of the ileal epithelial cells (Ep), but 
only weak positive immunostaining of occasional lymphocytes (Ly) 
within the villus core. (D) All structures are strongly stained for 2,6-sialic 
acid, including ileal epithelium (Ep) and lymphocytes (Ly). (E) There is 
strong positive anti-TMPRSS2 immunostaining of cardiac myocytes. (F) 
There is strong positive anti-ACE2 immunostaining of some cardiac 
myocytes. (G) There is no anti-EIAT immunostaining of cardiac 
myocytes. (El) There is strong 2,6-sialic acid staining of cardiac 
myocytes. Scale bar = 50 microns (shown in panels D and El and also 
pertaining to 3 preceding panels in each case). 
doi:10.1371/journal.pone.0035876.g004 

since TMPRSS2 was absent from this cell type and expression of 
HAT was infrequent and weak. However, other studies found that 
type II pneumocytes are preferentially infected [41] and these cells 
were identified as positive for 2,6-linked sialic acid, TMPRSS2 and 
occasionally for HAT within the present study. The presence of 
cells positive for 2,6-linked sialic acid, TMPRSS2 and/or HAT 
was not limited to the respiratory tract, in keeping with published 
findings which demonstrate TMPRSS2 expression in the epithelia 
of several organs [21,42—45]. It is therefore tempting to speculate 


that TMPRSS2 and HAT might also support viral spread outside 
the lung and might thus contribute to complications associated 
with influenza infection, like gastrointestinal manifestations, 
myocarditis and encephalopathy [38]. In sum, TMPRSS2 and, 
with the exception of the alveolar epithelium, HAT could activate 
influenza viruses throughout the respiratory tract and might 
support viral spread in extra-respiratory tissues. 

The mode of cleavage activation is a major virulence 
determinant of avian influenza viruses [11,46—48]. Viruses with 
a multi-basic cleavage site in HA are believed to be activated by 
ubiquitously expressed host cell proteases and can thus replicate 
systemically and cause severe disease [11], In contrast, it has been 
posited that replication of viruses with a mono-basic cleavage site 
is confined to the aerodigestive tract, because the expression of as 
yet unidentified HA-activating protease(s) is limited to this organ 
[11]. Our results suggest that TMPRSS2 could be the elusive 
protease, but it remains to be demonstrated whether TMPRSS2 
expression in waterfowl and poultry is indeed specific for the 
aerodigestive tract. HA activation was conserved between avian, 
porcine and human TMPRSS2, which share high sequence 
identity (see figure S2), indicating that TMPRSS2 might support 
influenza virus spread not only in the reservoir (waterfowl) and 
humans but also in an important intermediate host (swine). 

The SARS-CoV causes a severe respiratory illness with fatal 
outcome in about 10% of the afflicted individuals. The 
metalloprotease ACE2 has been identified as the SARS-CoV 
receptor and expression of ACE2 on type II pneumocytes, the 
major viral target cells, and other pulmonary cells has been 
demonstrated [49-52]. A cornerstone study by Simmons and 
colleagues showed that infectious SARS-CoV entry into cell lines 
depends on the activity of endosomal cathepins, particularly 
cathepsin L [8], suggesting that cathepsin activity might be 
required for viral spread in the respiratory tract. However, several 
studies showed that TMPRSS2 activates SARS-CoV for cathep- 
sin-independent host cell entry and demonstrated TMPRSS2 
expression in type II pneumocytes [13-15]. In addition, a recent 
report indicates that HAT can promote SARS-S-driven cell-cell 
but not virus-cell fusion [37]. Thus, the SARS-CoV may use 
TTSPs in addition to or instead of cathepsins to ensure its 
activation in key target cells. Our analysis confirms and extends 
these findings by demonstrating that ACE2 and TMPRSS2 are 
coexpressed by cells in the nasal and buccal mucosa as well as in 
the epithelia of bronchus and larynx. Thus, one can speculate that, 
in the context of the infected host, cathepsin activity might not be 
essential for SARS-CoV spread in most parts of the respiratory 
tract. Experiments with cathepsin inhibitors and knock-out mice 
are required to address this possibility. The gastrointestinal tract is 
a well-established target of SARS-CoV [49] and it has actually 
been suggested that a wide range of tissues and organs can be 
infected by the virus [53]. Our finding that TMPRSS2 and ACE2 
are coexpressed in colon and various other tissues indicates that 
also the extrarespiratory spread of SARS-CoV might be promoted 
by TMPRSS2. 

Collectively, our findings are compatible with an important role 
of TMPRSS2 and HAT in influenza virus and of TMPRSS2 in 
SARS-coronavirus infection. Knock down of these proteases in 
primary pulmonary cells and the analysis of Tmprss2 knock-out 
mice would allow to precise definition of the role of these proteases 
in viral spread. The latter animals are available [54] and do not 
show an obvious phenotype, indicating that TMPRSS2 might be 
an attractive target for novel drugs active against respiratory 
viruses. 
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Table 1 . Expression pattern of influenza virus and SARS-coronavirus activating proteases and receptors in human tissues. 



Antigen/site 

Cells/structure 

TMPRSS2 

HAT 

ACE2 

2,6-linked sialic acid 

Lung 

Alveolar Epithelium 

type 2 not type 1 
pneumocytes+ 

occasional type 2 & type 1 
pneumocytes weakly+ 

type 2 not type 1 pneumocytes+ 

type 2 & type 1 
pneumocytes+ 


Bronchial epithelium 

+ 

+ 

+ 

+ 


Alveolar macrophages 

+ 

+ 

+ 

+ 


Other 


interstitial macrophages/dendritic 
cells+; bronchial smooth muscle 
cells weakly+ 

some interstitial macrophages/ 
dendritic cells 

-hat all sites, except the 
majority of smooth 
muscle cells (SMC) 

Bronchus & 
Larynx 

Epithelium 

+on respiratory, 
glandular, transitional 
and (weakly on) 
squamous epithelium 

+on respiratory, transitional and 
squamous, but not glandular 
epithelium 

weakly+on respiratory & 
transitional epithelium; 
strongly+on glandular epithelium 

+on respiratory, 
glandular, transitional 
and squamous 
epithelium 

Trachea 

Epithelium 

+on respiratory, 
glandular, transitional 
and (weakly on) 
squamous epithelium 

+on respiratory, transitional and 
squamous, but not glandular 
epithelium 


+on respiratory, 
glandular, transitional 
and squamous 
epithelium 

Vocal folds & 
epiglottis 

Squamous epithelium 

weakly+ 

+ 

- 

+ 

Buccal mucosa 

Squamous epithelium 

+ 

+ 

+ 

+ 

Nasal mucosa & Epithelium 

respiratory 

sinuses 

+ 

+respiratory & transitional 
epithelium 

-t-respiratory, transitional & 
glandular epithelium 

+ 


Lymphocytes 

+ 

Occasionally+ 

Variably+ 

- 

Tonsil 

Squamous epithelium 

+ 

+ 

weakly+ 

+ 


Lymphocytes 

+ 

- 

- 

+ 

Oesophagus 

Squamous epithelium 

weakly+ 

+ 

weakly+ 

+ 

Stomach 

Epithelium 

+ 

+ 

weakly+ 

+ 

Ileum 

Epithelium 

+ 

weakly-!- 

+ 

+ 

Colon 

Epithelium 

+ 

weakly+ 

+ 

+ 

Myocardium 

Myocytes 

+ 

- 

+ 

+ 

Blood vessels 

Endothelial cells 

some weakly+ 

variably+ 

variably+ 

all-h 


Vascular smooth muscle + 
cells 

variably+ 

variably+ 

— 

Leucocytes 

Lymphocytes 

+ 

weakly+(negative in tonsil) 

+(negative in tonsil) 

+ 


Other leucocytes 

variably+ 

variably+ 

variably+ 

generally-t- 

Smooth muscle 
cells 

Oesophagus, stomach, 
intestine, bronchus 

+ 


+ 



Cell types expressing TMPRSS2, ACE2, HAT, 2,6-linked sialic acid are marked-!-, while those that do not express these molecules are marked — , "weakly" refers to a low 
level of staining. 

doi:l 0.1371/journal.pone.0035876.t001 


Supporting Information 

Figure SI To detect SARS-S cleavage in trans, expres¬ 
sion plasmids coding for SARS-S and the indicated 
proteases or empty vector (pcDNA) were separately 
transfected into 293T cells. Subsequently, the SARS-S and 

protease expressing cells were mixed, treated with trypsin or PBS 
and S-protein cleavage was detected by Western blot analysis 
using a serum specific for the SI subunit of SARS-S. SARS-S 
cleavage fragments produced by trypsin and TMPRSS2 are 
indicated by asterisks. Detection of B-actin served as a loading 
control. 

(TIF) 


Figure S2 The amino acid sequences of TMPRSS2 of 
human (NCBI Reference SequenceNP_001128571.1), 
chicken (XM_416737.3), swine (BAF76737.1) and mouse 
origin (AAF97867.1) were aligned using VectorNTI. 
Identical amino acids are marked in black, similar 
amino acids are marked in grey. 

(TIF) 

Author Contributions 

Conceived and designed the experiments: EJS SP. Performed the 
experiments: HL SB AH SG PP. Analyzed the data: EJS SP. Contributed 
reagents/materials/analysis tools: JL PSN SB AH SD PP. Wrote the paper: 
EJS SP. 



PLoS ONE | www.plosone.org 


7 


April 2012 | Volume 7 | Issue 4 | e35876 
















Proteolytic Activation of Influenza and SARS 


References 

1. Neumann G, Noda T, Kawaoka Y (2009) Emergence and pandemic potential of 
swine-origin H1N1 influenza virus. Nature 459: 931—939. 

2. Skowronski DM, Astell C, Brunham RC, Low DE, Petrie M, et al. (2005) Severe 
acute respiratory syndrome (SARS): a year in review. Annu Rev Med 56: 
357-381. 

3. Parrish CR, Kawaoka Y (2005) The origins of new pandemic viruses: the 
acquisition of new host ranges by canine parvovirus and influenza A viruses. 
Annu Rev Microbiol 59: 553-586. 

4. Wang W, Butler EN, Veguilla V, Vassell R, Thomas JT, et al. (2008) 
Establishment of retroviral pseudotypes with influenza hemagglutinins from H1, 
H3, and H5 subtypes for sensitive and specific detection of neutralizing 
antibodies. J Virol Methods 153: 111-119. 

5. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, et al. (2003) Angiotensin¬ 
converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 
426: 450-454. 

6. Skehel JJ, Wiley DC (2000) Receptor binding and membrane fusion in virus 
entry: the influenza hemagglutinin. Annu Rev Biochem 69: 531—569. 

7. Bertram S, Glowacka I, Steffen I, Kuhl A, Pohlmann S (2010) Novel insights 
into proteolytic cleavage of influenza virus hemagglutinin. Rev Med Virol 20: 
298-310. 

8. Simmons G, Gosalia DN, Rennekamp AJ, Reeves JD, Diamond SL, et al. (2005) 
Inhibitors of cathepsin L prevent severe acute respiratory syndrome coronavirus 
entry. Proc Natl Acad Sci U S A 102: 11876-11881. 

9. Bottcher E, Matrosovich T, Beyerle M, Klenk HD, Garten W, et al. (2006) 
Proteolytic activation of influenza viruses by serine proteases TMPRSS2 and 
HAT from human airway epithelium. J Virol 80: 9896-9898. 

10. Chaipan C, Kobasa D, Bertram S, Glowacka I, Steffen I, et al. (2009) Proteolytic 
activation of the 1918 influenza virus hemagglutinin. J Virol 83: 3200—3211. 

11. Bertram S, Glowacka I, Blazejewska P, Soilleux E, Allen P, et al. (2010) 
TMPRSS2 and TMPRSS4 facilitate trypsin-independent spread of influenza 
virus in Caco-2 cells. J Virol 84: 10016-10025. 

12. Bottcher-Friebertshauser E, Stein DA, Klenk HD, Garten W (2011) Inhibition 
of influenza virus infection in human airway cell cultures by an antisense 
peptide-conjugated morpholino oligomer targeting the hemagglutinin-activating 
protease TMPRSS2. J Virol 85: 1554-1562. 

13. Glowacka I, Bertram S, Muller MA, Allen P, Soilleux E, et al. (2011) Evidence 
that TMPRSS2 activates the severe acute respiratory syndrome coronavirus 
spike protein for membrane fusion and reduces viral control by the humoral 
immune response. J Virol 85: 4122-4134. 

14. Matsuyama S, Nagata N, Shirato K, Kawase M, Takeda M, et al. (2010) 
Efficient activation of the severe acute respiratory syndrome coronavirus spike 
protein by the transmembrane protease TMPRSS2. J Virol 84: 12658-12664. 

15. Shulla A, Heald-Sargent T, Subramanya G, Zhao J, Perlman S, et al. (2011) A 
transmembrane serine protease is linked to the severe acute respiratory 
syndrome coronavirus receptor and activates virus entry. J Virol 85: 873—882. 

16. Connor RI, Chen BK, Choe S, Landau NR (1995) Vpr is required for efficient 
replication of human immunodeficiency virus type-1 in mononuclear phago¬ 
cytes. Virology 206: 935-944. 

17. Hofmann H, Hattermann K, Marzi A, Gramberg T, Geier M, et al. (2004) S 
protein of severe acute respiratory syndrome-associated coronavirus mediates 
entry into hepatoma cell lines and is targeted by neutralizing antibodies in 
infected patients. J Virol 78: 6134—6142. 

18. He Y, Zhou Y, Wu H, Luo B, Chen J, et al. (2004) Identification of 
immunodominant sites on the spike protein of severe acute respiratory syndrome 
(SARS) coronavirus: implication for developing SARS diagnostics and vaccines. 
J Immunol 173: 4050-4057. 

19. Glaser L, Stevens J, Zamarin D, Wilson LA, Garcia-Sastre A, et al. (2005) A 
single amino acid substitution in 1918 influenza virus hemagglutinin changes 
receptor binding specificity. J Virol 79: 11533—11536. 

20. Tedoldi S, Paterson JC, Cordell J, Tan SY, Jones M, et al. (2006) Jaw 1/LRMP, 
a germinal centre-associated marker for the immunohistological study of B-ccll 
lymphomas. J Pathol 209: 454—463. 

21. Lucas JM, True L, Hawley S, Matsumura M, Morrissey C, et al. (2008) The 
androgen-regulated type II serine protease TMPRSS2 is differentially expressed 
and mislocalized in prostate adenocarcinoma. J Pathol 215: 118—125. 

22. Takahashi M, Sano T, Yamaoka K, Kamimura T, Umemoto N, et al. (2001) 
Localization of human airway trypsin-like protease in the airway: an 
immunohistochemical study. Histochem Cell Biol 115: 181—187. 

23. Pulford K, Lamant L, Morris SW, Buder LH, Wood KM, et al. (1997) Detection 
of anaplastic lymphoma kinase (ALK) and nucleolar protein nucleophosmin 
(NPM)-ALK proteins in normal and neoplastic cells with the monoclonal 
antibody ALK1. Blood 89: 1394-1404. 

24. Bergeron E, Vincent MJ, Wickham L, Hamelin J, Basak A, et al. (2005) 
Implication of proprotein convertases in the processing and spread of severe acute 
respiratory syndrome coronavirus. Biochem Biophys Res Commun 326: 554—563. 

25. Yao YX, Ren J, Heinen P, Zambon M, Jones IM (2004) Cleavage and serum 
reactivity of the severe acute respiratory syndrome coronavirus spike protein. 
J Infect Dis 190: 91-98. 

26. Simmons G, Bertram S, Glowacka I, Steffen I, Chaipan G, et al. (2011) Different 
host cell proteases activate the SARS-coronavirus spike-protein for cell-cell and 
virus-cell fusion. Virology 413: 265—274. 


27. Drickamer K, Taylor ME (1998) Evolving views of protein glycosylation. Trends 
Biochem Sci 23: 321-324. 

28. Nelli RK, Kuchipudi SV, White GA, Perez BB, Dunham SP, et al. (2010) 
Comparative distribution of human and avian type sialic acid influenza 
receptors in the pig. BMC Vet Res 6: 4. 

29. Nicholls JM, Bourne AJ, Chen H, Guan Y, Peiris JS (2007) Sialic acid receptor 
detection in the human respiratory tract: evidence for widespread distribution of 
potential binding sites for human and avian influenza viruses. Respir Res 8: 73. 

30. Yao L, Korteweg C, Hsueh W, Gu J (2008) Avian influenza receptor expression 
in H5N1-infected and noninfected human tissues. FASEB J 22: 733-740. 

31. Young B, et al. (2006) Wheater’s Functional Histology: A Text and Colour Atlas. 
Churchill Livingstone. 

32. Ren X, Glende J, Al Falah M, de V V, Schwegmann-Wessels C, et al. (2006) 
Analysis of ACE2 in polarized epithelial cells: surface expression and function as 
receptor for severe acute respiratory syndrome-associated coronavirus. J Gen 
Virol 87: 1691-1695. 

33. Zhirnov OP, Ovcharenko AV, Bukrinskaia AG, Ursaki LP, Ivanova LA (1984) 
[Antiviral and therapeutic action of protease inhibitors in viral infections: 
experimental and clinical observations]. Vopr Virusol 29: 491—497. 

34. Zhirnov OP, Ovcharenko AV, Bukrinskaya AG (1984) Suppression of influenza 
virus replication in infected mice by protease inhibitors. J Gen Virol 65(Pt 1): 
191-196. 

35. Zhirnov OP, Klenk HD, Wright PF (2011) Aprotinin and similar protease 
inhibitors as drugs against influenza. Antiviral Res. 

36. Kido H, Okumura Y, Takahashi E, Pan HY, Wang S, et al. (2012) Role of host 
cellular proteases in the pathogenesis of influenza and influenza-induced 
multiple organ failure. Biochim Biophys Acta 1824: 186—194. 

37. Bertram S, Glowacka I, Muller MA, Lavender H, Gnirss K, et al. (2011) 
Cleavage and activation of the severe acute respiratory syndrome coronavirus 
spike protein by human airway trypsin-like protease. J Virol 85: 13363—13372. 

38. Kuiken T, Taubenberger JK (2008) Pathology of human influenza revisited. 
Vaccine 26 Suppl 4: D59-D66. 

39. Walsh JJ, Dietlein LF, Low FN, Burch GE, Mogabgab WJ (1961) 
Bronchotracheal response in human influenza. Type A, Asian strain, as studied 
by light and electron microscopic examination of bronchoscopic biopsies. Arch 
Intern Med 108: 376-388. 

40. van Riel D, Munster VJ, de Wit E, Rimmelzwaan GF, Fouchier RA, et al. 
(2007) Human and avian influenza viruses target different cells in the lower 
respiratory tract of humans and other mammals. AmJ Pathol 171: 1215—1223. 

41. Shieh WJ, Blau DM, Denison AM, Deleon-Carnes M, Adem P, et al. (2010) 
2009 pandemic influenza A (H1N1): pathology and pathogenesis of 100 fatal 
cases in the United States. AmJ Pathol 177: 166-175. 

42. Jacquinet E, Rao NV, Rao GV, Hoidal JR (2000) Cloning, genomic 
organization, chromosomal assignment and expression of a novel mosaic serine 
proteinase: epitheliasin. FEBS Lett 468: 93-100. 

43. Jacquinet E, Rao NV, Rao GV, Zhengming W, Albertine KH, et al. (2001) 
Cloning and characterization of the cDNA and gene for human epitheliasin. 
Eur J Biochem 268: 2687-2699. 

44. Lin B, Ferguson C, White JT, Wang S, Vessella R, et al. (1999) Prostate- 
localized and androgen-regulated expression of the membrane-bound serine 
protease TMPRSS2. Cancer Res 59: 4180-4184. 

45. Vaarala MH, Porvari K, Kyllonen A, Lukkarinen O, Vihko P (2001) The 
TMPRSS2 gene encoding transmembrane serine protease is overexpressed in a 
majority of prostate cancer patients: detection of mutated TMPRSS2 form in a 
case of aggressive disease. Int J Cancer 94: 705—710. 

46. Bosch FX, Garten W, Klenk HD, Rott R (1981) Proteolytic cleavage of 
influenza virus hemagglutinins: primary structure of the connecting peptide 
between HA 1 and HA2 determines proteolytic cleavability and pathogenicity of 
Avian influenza viruses. Virology 113: 725—735. 

47. Horimoto T, Kawaoka Y (1994) Reverse genetics provides direct evidence for a 
correlation of hemagglutinin cleavability and virulence of an avian influenza A 
virus. J Virol 68: 3120-3128. 

48. Ito T, Goto H, Yamamoto E, Tanaka H, Takeuchi M, et al. (2001) Generation 
of a highly pathogenic avian influenza A virus from an avirulent field isolate by 
passaging in chickens. J Virol 75: 4439—4443. 

49. Ding Y, He L, Zhang Q, Huang Z, Che X, et al. (2004) Organ distribution of 
severe acute respiratory syndrome (SARS) associated coronavirus (SARS-CoV) 
in SARS patients: implications for pathogenesis and virus transmission 
pathways. J Pathol 203: 622-630. 

50. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis GJ, et al. (2004) Tissue 
distribution of ACE2 protein, the functional receptor for SARS coronavirus. A 
first step in understanding SARS pathogenesis. J Pathol 203: 631—637. 

51. Mossel EC, Wang J, Jeffers S, Edeen KE, Wang S, et al. (2008) SARS-CoV 
replicates in primary human alveolar type II cell cultures but not in type I-like 
cells. Virology 372: 127-135. 

52. To KF, Lo AW (2004) Exploring the pathogenesis of severe acute respiratory 
syndrome (SARS): the tissue distribution of the coronavirus (SARS-CoV) and its 
putative receptor, angiotensin-converting enzyme 2 (ACE2). J Pathol 203: 740—743. 

53. Gu J, Gong E, Zhang B, Zheng J, Gao Z, et al. (2005) Multiple organ infection 
and the pathogenesis of SARS. J Exp Med 202: 415-424. 

54. Kim TS, Heinlein C, Hackman RC, Nelson PS (2006) Phenotypic analysis of 
mice lacking the Tmprss2-encoded protease. Mol Cell Biol 26: 965—975. 



PLoS ONE | www.plosone.org 


8 


April 2012 | Volume 7 | Issue 4 | e35876 



